INTRODUCTION
A laboratory search for hydrogen-isotope fusion in solid matter was suggested by evidence that such fusion occurs in the earth.l The locations and concentrations of the fusion product 3He hinted that some combined action of pressure, temperature, and catalyst could be occurring in some deep-earth situations to produce fusion analogous with cold muon-catalyzed fusion. 2 A muon acts as a heavy electron and binds the hydrogen atoms in a molecule close together causing fusion in about 10 -9 sec and giving the products 3He + y for p-d fusion and either 3He + n or t + p for d-d fusion. The radioactive tritium decays into 3He with a half life of 12.4 yr. If the analogy with muon-catalyzed fusion were correct, the 3He could have come from fusion in the earth, and earth processes could be mimicked in the laboratory.
Deuterium is the prominent candidate as a fusion fuel in the earth because of its relative ease of fusion and its adequate abundance. Deuterium from sea water is incorporated in crystal structure, trapped in sediments and crustal rock, and is subducted into the earth's upper mantle at converging plate margins. It is conducted deep into the crust in cracks at spreading regions. 3 The amount of deuterium contained in a rock determines the total possible production of energy and fusion products, and the fusion rate constant in any particular geologic milieu determines whether measurable concentrations of heat and nuclear products can be 616 ~ 1991 American Institute of Physics rticle is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termscond generated in an applicable time period.
The purposes of this paper are to examine evidences of fusion in the earth, to relate these to laboratory and theoretical reports, and to advance arguments that fusion is a possible and a likely explanation for several geologic phenomena. Quantitative estimates are made for a few processes and show that low-rate fusion could produce the observed heat from the deuterium present in rocks with only minimal depletion of the fuel. However, the observed concentration of nuclear products is too low to be compatible with observed heat production if the standard p-d or d-d fusion model given above is the only process acting. The reasons to continue to press the investigation of fusion, in spite of this discrepancy, are that tantalizing geologic evidences continue to exist, laboratory and theoretical work are beginning to produce relevant information, and the long-entrenched dogma that U/Th/K radioactivity produces the earth heat is being seriously questioned. This work will be briefly reviewed. Fusion in core and mantle and other energy sources such as latent energy of phase change need to be continually reexamined, but only mantle fusion will be considered here. Possible observations and experiments to help resolve questions will be noted throughout the paper.
VOLCANISM
A typical geologic phenomenon is volcanism at subducting plate margins. The energy required to heat and melt a sedimentary rock and produce magma is about 2X10 6 J/kg, and friction has been proposed as the source of this energy. The maximum mechanical energy available comes from gravitational potential energy over a height not much more than from mid-ocean ridge to deep trench. This is about 2X10 5 J/kg, enough to deform rock but not enough to melt it. It is unlikely that any process can concentrate this diffuse energy source into an active volcano. Heat flow from surrounding rock is possible, but the thermal energy supply from the cold cores of continents is limited, and the constant subduction of material cools any underlying hot mantle rock. A possible source of energy internal to the rock is attractive.
A kilogram of subducting sedimentary rock contains about 30 g water containing about 2X102° deuterons. 4 Since each p-d fusion produces 5.4 MeV energy (8.7X10 -13 J), about 2X10 is p-d fusions per kilogram are required to produce magma. Even if fusion produces all of the heat of volcanism, only about one percent of the available fuel is used in the process, and much is left for other deep-earth thermal processes.
To estimate the rate of fuel consumption requires an estimate of the time of production of the heat. Assume that this is the time of transit of the subducting rock on a slant path through a zone of volcanism from about 100-kin to 300-kin depth. This could require about 4X107 years or 1X1015 see. Using these numbers, a fractional rate of fusion (meaning the fraction of the deuterons present which actually fuse in the given time period) can be estimated.
(2X10 TM atoms fusing)/(2X10 2° atoms present X 1X1015 sec) = 1X10 -17 sec -l.
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This fractional rate of fusion is equivalent to a first-order reaction rate constant and can be expressed as "deuteron fusions per sec. per available deuteron." Note the assumption made here, that fusion dominates the energy processes in converging-plate volcanism.
This estimated fractional depletion of the deuterium fuel, based on heat production, can be compared with depletion estimated from measurements of the 3He fusion product. Outgassed lavas at the surface often contain small amounts of 3He, about 3X1013 atom/kg. 5 A rough estimate of the content before outgassing might be about 100 times this or 3X1015 atom/kg. This postulated 3He production would require fusion of 3X1015 deuterons which is about 1/1000 of the number calculated as necessary to produce the magma. The fusion rate to produce this estimated 3He product is about 1X10 -2° fusions per sec. per deuteron.
A better estimate of rate constants cannot be made at this time because the rate of fusion is only barely observable and cannot be varied for study in either earth or laboratory. Differences between p-d and d-d fusion cannot be determined yet. Geologic information applicable to this rate problem is available at hot spots everywhere on earth in the form of data on the material input, the geologic processes occurring, and the output products. Materials being subducted and water influx are partially known; deformation and material transport at depth are partially known; heat, radioactivity, and fusion-product output are partially known. These data need to be reexamined and new data collected with a search for fusion in mind.
EARTH HEAT LOSS
The fusion rate constants estimated above are local constants considering only the results of fusion in a particular material. Global constants can be estimated by relating average heat-loss rates and 3He production rates of the whole earth to the total active deuterium fuel source. Again, assume that the source is just the deuterium in sediment subduction and related to sea water.
The number of hydrogen atoms being subducted per second per meter of length of a subduction zone can be estimated by conservation of mass. N = TS p f, f2A/M where T is the thickness of the water-bearing sediment, S is the rate of subduction, p is the density of the rock, f~ is the fractional weight of water in the rock, f2 (=1/9) is the ratio of hydrogen to oxygen in water, A is Avagadro's number, and M is the atomic weight of hydrogen. Assuming values of T = 1000 m, S =0.025 m/year, p =2.2X106 g/m 3, and fl =0.03, gives N=4X1021 hydrogen atoms subducted per second per meter of length of the subduction zone. A deuterium/hydrogen ratio of 1.5X10 -4 results in a crudely estimated subduction rate of 7X1017 deuterium atoms per second per meter of plate margin.
This rate of subduction can be extrapolated to the entire earth by assuming all the broken-up subduction zones of the earth to have a total length of about one circumference of the earth or 4X107 m. This gives a total rate of 3X1025 subducted deuterons per second. For an upper limit on fusion power, suppose a steady state were achieved and all this deuterium eventually fused in cycles of hundreds of millions of years from time of subduction to upwelling. For p-d fusion, the rate of energy production would be 2.4X1013 W. Averaging this power over the area of the earth, 5.1X1014 m 2, gives 0.05 W/m 2. Comparing this with an estimate of the actual average heat flux of 0.06 W/m2, 6 indicates that fusion could be a significant energy source for the total earth heat budget even neglecting possible core hydrides.
This whole-earth rate of utilization of fuel is modest as it was in the case of volcanism. The oceans contain about I043 deuterons, enough for 30 billion years of fusion at this rate of depletion. Higher estimates of hydrogen subduction have been made based on the rate of creation of new sea bed at spreading regions with concurrent subduction of water in sedimentary rocks. 4 All estimates indicate that deuterium fuel is in adequate supply.
These data allow the calculation of an upper-limit fusion-rate constant for the whole earth. Again assume a simple first-order rate constant. AN = k I N At AN is proportional to the actual heat-loss rate (use 0.06 W/m2); N is proportional to the possible heat loss rate (use 0.1 W/m2); At is an earth convection-cell time (use 6X10 s years or 2X1016 sec). These values gives a rate constant k~ of 5X10 -17 see ~. The agreement here with the previously calculated rate constant is fortuitous considering the rough estimates used for input values.
A number for a rate constant for whole-earth fusion can be calculated by the same method as above but based on 3He rather than heat. The average outgoing flux of 3He is reported as 8X105 m 2 sec 1 or 4X102° see l for the whole earth: The possible maximum flux, neglecting core hydrides, is equal to the deuterium subduction rate, perhaps 3X1025 sec -l. Assuming the time scale again of 2X10 ~6 sec, the rate constant is 6X10 -22 fusions per deuteron per see. This is 10 5 below the whole-earth rate constant calculated using heat. As with subducting-margin volcanism, the rate calculated using heat is several orders of magnitude higher than the rate obtained using fusion products.
T~UM
Tritium, a d-d-fusion product with a half life of 12.4 years, is found in volcanic gases and hot-spring waters. Concentrations above those in the normal atmosphere were measured before H-bomb testing as well as since.7
An interesting event was the atmospheric tritium "pulse" recorded during the eruption of Mt. Ulu on Hawaii in Feb.-Mar: 1972. This eruption produced what was possibly the greatest lava flow ever recorded 8 as well as an extensive and long-duration tritium plume averaging 70 tritum atoms per milligram of air. 9 The width of the plume, encompassing the Mauna Loa monitoring station to the northwest and Oahu in an arc to the north-east, and an unusual reported wind of about 8 mph toward Honolulu, allow a rough estimate to be made of the amount of tritium released, about 10 z3 atoms or 5000 Ci. This is an unlikely radiation "leak" from a man-made source and is not consistent with Soviet H-bomb tests made five months earlier. 9 This tritium is not consistent with the volcanic release of stored H-bombcontaminated rain water which would require a 7.5-cm (3-inch) rainfall containing 3000 TU (tritium units) to cover an area 80 X 80 km (50 X 50 mi) and all the collected water to be released in one eruption. 3000 TU is in the upper range of contamination levels recorded in rainfall and was not recorded at Manua Loa.
If this tritium were from d-d fusion in the earth, it must have resulted from injection of seawater into a body of magma supplying the volcano. The short half life of tritium precludes travel in a slow mantle convection system or from the core. The amount of tritium is too small to prove fusion as a source of earth heat. Bullard 8 gives an estimate of 3.5X10 s m 3 of lava from the Mauna Ulu eruption over a 39-month period. Suppose that one-eighth of this, 4.4X107 m 3 or 1X1011 kg, came during the most active time when the wind blew toward the monitoring station. Assuming that the tritium released, 1023 atoms, was a large fraction of the tritium contained in the 1011 kg lava, gives 1012 tritium atoms per kg of lava. To produce this would require 1012 d-d fusions per kilogram of lava, far below the 10 is fusions calculated previously as necessary to produce magma. The 1012 tritium atoms per kg of rock is a lower-limit estimate; some would remain in the rock and not be measured, and most would probably decay after formation before being ejected from the volcano.
If this tritium observation is not due to contamination or faulty measurements, it is of great significance. It would demonstrate earth fusion and would indicate a shallow source for this particular type fusion. Such measurements could help differentiate between p-d and d-d fusion by simultaneous 3He and tritium measurements. They could help distinguish between sea water leakage into magma and slow subduction of deuterium, and they could furnish data for rate calculations. Many more such measurements need to be made with particular attention paid to careful collection of concurrent 3He and tritium data.
EVALUATION OF FUSION-RATE DATA
The standard geologic explanation for all these observations is that radioactivity in the core produces the heat, a primordial source of 3He was collected in the original formation of the earth and is now revealed by slow outgassing of the mantle, and tritium is a contaminant from the nuclear age. 10 Further, if the heat is not from radioactivity, it is from gravitational potential energy expressed in latent heat of phase change at mantle, liquid-core, and solidcore interfaces. This is thought to adequately explain the heat and the fact that the nuclear product 3He appears at a level 10 -3 to 10 -5 below that necessary to agree with the heat data. No fusion is indicated in the standard model.
In examining the possibility of fusion in the earth to supplement or contradict this model, two facts stand out: (1) There is an abundance of the fuel of choice, deuterium. Only sea-water deuterium has been considered here, and a total amount of 1043 atoms can be estimated. Estimates of core deuterium indicate up to 100 times this amount, H and this is concentrated in the region of highest temperature and pressure, the most likely region for fusion. A store of mantle deuterium has not been considered here. (2) If heat data and 3He data are reasonably valid, fusion analogous to muon-catalyzed fusion is not the dominant heat source because 3He concentrations appear to be too low to agree with heat data; other fusion processes need to be examined.
OPPENHEIMER-PHILLIPS REACTION
Nuclear reactions, not analogous with muon-catalyzed fusion, can possibly produce both heat and fusion products in the ratios observed, and they are more probable since they require less activation energy. One such process is the Oppenheimer-Phillips reaction described in more detail, and with some extensions, in the Appendix.12 In this, an energetic deuteron reacts with a target nucleus and dissociates. The neutron tunnels into the target nucleus, and the proton is ejected with high energy. This is the main exothermic reaction which produces the heat. In a small fraction of the events, the energetic proton goes on to react with a deuteron to produce aHe; otherwise it loses its energy in the host material. This type reaction should produce heat and 3He in roughly the observed ratios. In an even smaller fraction of the events, the first excited deuteron can react with another deuteron in fusion analogous to muon-catalyzed fusion and produce tritium and neutrons in addition to 3He.
A test comparing fusion following the Oppenheimer-Phillips model with fusion analogous to muon-catalyzed fusion, can be made using deuteron ion bombardment on targets of pure materials and earth-like materials which are loaded with deuterium and hydrogen. This was the method used by Lawrence, McMillan, and Thornton in the experimental work leading to the Oppenheimer-Phillips theory; 12 it has been used in the measurement of deuterium loading of materials in "hot-fusion" research; 13 and it was used in one fusion-rate-constant measurement noted in the next section.14 Modern particle detectors can measure all the nuclear products, their energies, and their production threshold energy. This work has not been aggressively pursued.
LABORATORY MEASUREMENTS OF FUSION
Numerous reports of measurements of fusion products indicate that d-d fusion can be made to occur at low rates under conditions far removed from those in the interior of stars or in high-temperature plasma-fusion devices. Unfortunately, these measurements have not been adequately controlled and quantified and must be accepted with reservation as evidence for fusion in the earth. The first laboratory results were obtained in metals in both D20-containing electrolytic cells ~'5-17 and in D2-gas pressure cells undergoing thermal stress. ~8'9 Possibly of greater significance in geology are the reports of d-d fusion in deuterides undergoing moderate shock, 2°,21 in energetic chemical reactions, 22 and in fusion in SiO: in a deuterium-gas plasma. 23
A few laboratory measurements of a fusion rate constant have been reported. The first, from the earliest measurement of nuclear products in the laboratory, ~ gave 10 2a fusions per see. per deuteron. A second, from Soviet deuteron-ion implantation experiments, 24 gave 6Xl0 q9 fusions per sec. per deuteron. Note that both these values come from experiments using highconcentration deuterium in a metal lattice and do not apply directly to a geologic situation. In spite of this, there is some value in comparing earth and laboratory rates. Theory suggests that the p-d-fusion rate constant is 100 times greater than the comparable d-d constant for low-energy fusion, z5 Comparing only numbers, and not the possible physics involved (blindly extrapolating the rates to geologic fusion), the highest measured value implies a p-d-fusion rate high enough to produce the heat of volcanism. The low value came from an experiment having low deuterium concentration and might be approaching an unknown second-order rate constant applicable to 3He production. These very tenuous relations between laboratory and earth science can only be considered hints, and they await development into demonstrations or refutations of earth fusion.
A different-type result, from several different types of experiments, does not give a fusion rate but gives the ratio of tritium production to neutron production. 26 This ratio is reported to be 108 (within a few orders of magnitude). This is in contrast to a t/n ratio of about one for muon-ca~yzed fusion and for the Soviet ion-implantation studies noted above. If proven true, the circumstances leading to these strangely different results must be unravelled and related to geologic processes.
GEOGRAPHY OF ENERGY, FUSION PRODUCTS, AND RADIOACTIVITY
An appealing argument encouraging further investigation of cold fusion in the earth is that of elegant simplicity. The world-wide distribution of nuclear products very roughly divides with all the radioactivity-related materials in the old cold continents and all the fusion ashes, mainly 3He, in the hot spots. Plate-margin and mid-plate hot spots are well known for their anomalously high 3He concentrations, and they lack the concentrations of U/Th/K and the decay products expected if radioactivity were the heat source. 5'27 The continental granites (which were once hot spots, of course) contain the U/Th/K products.
If fusion were a major heat source, there would be no concern about different material reservoirs and different geologic processes for heat diffusion, noble-gas diffusion, and radioactive-material transport from the interior of the earth, as has been proposed. 2s Rather, the problem becomes one of analyzing fusion evidence and evaluating the core and the surface materials as sources.
If surface deuterium did supply the energy for the earth's positive heat balance, the bumpy nature of the core would indicate convection cells in the mantle extending to the core and involving it. 29 Subduction over hundreds of millions of years could build up concentrations of deuterium that would, in time, completely change the geography of heat sources. Something as deep and extensive as this is necessary to explain the shifting hot spots which split continents, form island chains, and cause magnetic reversals.
The overall lack of evidence for adequate radioactivity in the earth, and the paucity of 4He outgassing, lead to the growing conclusion that U/Th/K can supply less than five per cent of the earth's internal heat. 27 Resolving this disagreement with standard geologic wisdom is fundamental to ongoing development of tectonic theory and to the purposes of this paper. In view of this, evidences for fusion should be thoroughly scrutinized. The occurrence of high concentrations of 3He in diamonds seems to be more compatible with a fusion source rather than a primordial source. 3°,31 The 3He concentration is highly variable both in individual diamonds and throughout a diamond bed. Barberi argues that this is not compatible with incorporation of 3He from a primordial source into the diamond at the time of its formation but is compatible with fusion in hydrogen-trapping impurities. In contrast to this, 4He is more uniformly distributed as if by incorporation from the environment.
The mineral Josephinite is iron-nickel rich and contains high concentrations of 3He. It is thought to be a likely example of a core material which appears on the surface of the earth. 3z'33 It also qualifies as an evidence for deep-earth fusion since iron-nickel alloys form hydrides which could be fusion sources.
TRIGGERING FUSION IN THE EARTH
Fission fragments and radioactive-decay products have energies well above the few keV required to overcome the Coulomb barrier for d-d or p-d fusion, and these particles might trigger fusion reactions at very low rates in deuterium-bearing materials. The energetic products from one fusion reaction might cause further chain reactions under favorable conditions. Cosmic-ray particles may cause fusions to occur, and they can produce spallation products, containing 3He, in earth materials and in subducted meteoric dust. 34 Some of these sources might be detectable but are not significant contributers to earth heat or to major fusionproduct concentrations.
Mineral deformation in the earth is known to produce electrical effects, from piezoelectricity and fracturing, with voltages in the range of the few keV required to produce fusion. "Fracto-fusion," or particle acceleration by the voltages produced in crystal fracturing, has been proposed and investigated as a fusion trigger. 2°'35 Molecular "Coulomb explosions" can occur where nuclei are accelerated as their binding electons are stripped away in violent deformations or collisions. 36 These all serve as high-energy or "hot-fusion" explanations for experimental cold-fusion results.
Laboratory investigation of these effects has been limited, and controlled variation of parameters seems to be missing. Previously noted work in impact, crushing, and heating/cooling may have provided some conditions approaching those in the upper mantle of the earth. Relations between actual physical conditions in the systems and the rates of production of fusion products have not been determined. Much more work in this area can be done to either validate the hints of fusion or to provide null experiments related to geology.
SUMMARY AND RECOMMENDATIONS
The implied quest in all this is to fred whether or not the heat engine driving plate tectonics is significantly dependent on hydrogen-isotope fusion for energy. If not, are the traces of fusion ashes on earth of local origin or do they come from a star? This is of more than casual interest because of the rising doubts of the major significance of U/Th/K in tectonic processes. Progress will come first from geologic research. 3He must be related to all significantly different heat sources. It will be difficult to distinguish fusion products coming from the core, from surface material, from primordial sources, and from cosmic contamination. Determining patterns of relations among different source materials, source locations, subterranean processes, and observed products will continue to be the major guide in finding answers to the questions of origins of heat and fusion products.
Laboratory research must proceed from the known to the unknown, beginning with hot fusion (perhaps ion-beam bombardment of selected materials 37 or exploding wires of deuterium-containing materials 3s) where fusion results are certain, and then progressing to "cooler" fusion. Fusion observed in violent material deformation must be controlled, measured, and related to geologic processes. 39,4° Limits and bounds on fusion processes are not now available and are not being actively sought; but they can be obtained by the suggested progression from energetic to less energetic conditions. Sensitive fusion detectors, particularly neutron detectors, 41 are now available worldwide for this work. Hopefully, theorists will be motivated to examine low-rate, geologically important problems.
CONCLUSIONS
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APPENDIX: THEORY OF CATALYZED FUSION
There are no complete theoretical results to guide geological research in cold fusion, so only the most general principles based on energy conservation will be invoked. This section is included to show that fusion paths other than those met in muon-catalyzed fusion are energetically possible and that contradictions which arise between production rates of heat and 3He and in the ratios of fusion products 3He, tritium, and neutrons may have simple solutions.
It is energetically possible for low-atomic-weight isotopes to fuse to produce heavier ones in conformity with the Einstein relation E = me 2, and the only requirement is that the mass of the fusion products be less than the mass of the reactants. The Coulomb barrier ordinarily prevents fusion, but quantummechanical tunneling allows fusion, under favorable conditions, even if the nuclei do not approach each other within ordinary nuclear dimensions. Muon-catalyzed fusion results illustrate this conclusion. The deuterium nuclei separation, when bound by a muon, is about 3X10 13 m which is about 100 times the size of the nuclei involved, and tunneling is required for fusion. 2 This distance can be achieved in d-d collisions with energy of about 1.5 keV. Tunneling reactions between hydrogen isotopes and heavy elements are less likely because of the greater repulsion of the higher-charged nuclei. However, heavy elements may be important in searching for geologic fusion because they probably provide the best matrices in which to hold hydrogen isotopes together and create conditions aiding light-isotope fusion.
F_,xperiments by Lawrence, McMillan, and Thornton and theory by Oppenheimer and Philips 12 showed that the neutron from a deuteron projectile having a few hundred keV energy could tunnel into relatively heavy target nuclei (Na, A1, Si, Cu) in an exothermic reaction. Neutron tunneling probably occurs at lower threshold energies than full-nucleus tunneling, and the Oppenheimer-Phillips effect, with variations, could be fundamental in cold fusion research.
The basic neutron-tunneling reaction, using deuterium, is d +X(A)-> p+X(A+l) +Q~.
(1) The deuteron loses its neutron, and the target element X captures the neutron and increases its nuclear mass from A to A+I. In an extension of this reaction, the energetic proton or the excited target nucleus might interact individually with other deuterons, protons, or target nuclei. Also, the product-complex of proton, neutron, and target might interact as a unit with other nuclei, particularly deuterons or protons. The basic reaction of Eq. 1 and a few extended reaction possibilities are shown in Fig. 1 . The reactions are shown as being sequential, but that is only for clarity, and they may be multi-body reactions.
As another extension of the theory, it is energetically possible for the target nucleus to lose a neutron to the deuteron producing a triton and a target nucleus of mass A-1. This can happen with only a very few isotopes.
d + X(A) -> t + X(A-1) +Q2.
(2) Again, the energetic products might interact individually with deuterons, protons, or other target nuclei, or the product-complex might react as a whole. Various possibilities are given in Fig. 1 . Because the primary reaction (2) is so rare, possible multi-body reactions are of most interest in this case. These may be related to the high t/n ratios observed in some experiments. Note that if the "targeff is a proton or deuteron, the reaction is analogous to muon-catalyzed fusion and produces the same products. For "targets ~ of heavier elements, the nuclear products are not necessarily t and 3He, and such products as protons and altered "neutron-rich ~ isotopes are produced. These would be difficult to detect in a geologic setting, even with large energy release, since the "altered" isotopes are among those already present from neutron reactions in the stars. Table I is a listing of the energies for the different processes of Fig. 1 for a few selected elements. The common light elements of earth materials, those which have the lowest Coulomb barriers, Li, Be, B, C, N, and O, are prominent candidates to catalyze neutron-tunneling fusion. Quantum-mechanical considerations governing reaction paths and rates, and strong, electromagnetic, and weak forces, are as important as energy and Coulomb barrier in controlling fusion, but these will not be considered here. Fig. 1 . Possible pathways for neutron-tunneling reactions. Energy Q is given for each path segment; total energy is found by adding path-segment energies. Reactions are shown sequentially but may be multi-body. A few reactions using products from the first reaction are illustrated. Table I Calculated energy in atomic mass units for Eq. 1 and 2 and for reactions of Fig. 1 . Multibody-reaction energy may be positive even with first-step energy negative. For example for 7Li: Q2 -.~ -0.001068 a; Q2.0 = 0.005398 a; Q2.1.1 = 0.17815 a. Thus Q2 + Q2.0 = 0.00433 a and Q2 + Q2.1.1 = 0.01675 a. 
